Objective: Transient receptor potential vanilloid 1 (TRPV1) is an important regulator of endothelial function, but the effects of TRPV1 on endothelial recovery and neointimal formation after vascular injury remain elusive. We tested the effects of activating TRPV1 using capsaicin on re-endothelialization and neointimal formation after wire-induced injury of the carotid artery in mice. Methods: The human umbilical vein endothelial cells (HUVECs) were treated with the TRPV1 agonist capsaicin, its antagonist capsazepine, intracellular calcium chelator BAPTA, or mitofusin 2 (Mfn2)-specific short interfering RNA (siRNA). The migration, proliferation, mitochondrial morphology, membrane potential, and adenosine triphosphate production were measured. The carotid artery wire injury procedure was performed in male TRPV1 knockout mice and C57BL/6J wild-type (WT) mice that were then treated with or without Mfn2 siRNA. The re-endothelialization and neointimal formation were evaluated. Results: Capsaicin significantly enhanced the migration and proliferation of HUVECs. Both capsazepine and BAPTA abolished capsaicin-induced migration and proliferation of HUVECs. In addition, capsaicin stimulated the formation of reticular mitochondria, augmented mitochondrial membrane potential, increased adenosine triphosphate production, and upregulated Mfn2. However, these effects were attenuated by knockdown of Mfn2 with specific siRNA. Dietary capsaicin markedly accelerated re-endothelialization and inhibited neointimal formation in WT mice but not in TRPV1 knockout mice. Moreover, Mfn2 siRNA also attenuated capsaicin-induced enhancement of endothelial recovery and suppression of neointimal hyperplasia in WT mice. Conclusions: Activation of TRPV1 with capsaicin attenuates neointimal formation by accelerating re-endothelialization through upregulation of Mfn2. (J Vasc Surg 2017;65:197-206.) Clinical Relevance: Neointimal formation is the pathologic hallmark of vascular restenosis. This study demonstrated that activation of transient receptor potential vanilloid 1 with capsaicin significantly ameliorates restenosis. In vitro, we found that capsaicin stimulates endothelial cell proliferation and migration. In vivo, we found that capsaicin accelerates reendothelialization and attenuates neointimal hyperplasia in wire-injured carotid arteries.
The endothelium plays an important role in maintaining vascular homeostasis. Endothelial cell (EC) injury and dysfunction are initial events in neointimal formation and atherosclerosis. 1 The neointimal hyperplasia resulting from the proliferation and migration of vascular smooth muscle cells (SMCs) is the major cause of restenosis after percutaneous coronary interventions, including balloon angioplasty and stenting. 2 The antitumor medications coated on drug-eluting stents inhibit vascular SMC proliferation and subsequently suppress restenosis. 3 However, the drug-eluting stent not only inhibits neointimal formation but also delays re-endothelialization, resulting in an increased incidence of stent thrombosis. 4 Thus, accelerating re-endothelialization has become a novel strategy for the prevention of postinjury restenosis. 5 Transient receptor potential (TRP) channels constitute a superfamily of cation-conducting channel proteins. 6 TRP vanilloid subtype (TRPV) channels are expressed in ECs, vascular SMCs, and perivascular nerves.
7 TRPV1-4 channels are thermosensitive and also can be activated by chemical ligands.
7 TRPV1, also known as capsaicin receptor, is a ligand-gated cation channel abundantly expressed in ECs. 8 Previous studies demonstrated that activation of calcium signaling through TRPV1 by capsaicin improved endothelial function and ameliorated hypertension through activating endothelial nitric oxide (NO) synthase (eNOS) and increasing NO bioavailability. 9 In addition, TRPV1 ablation worsened the atherosclerosis in apolipoprotein E-deficient mice, accompanied by reduced phosphorylation of eNOS and production of NO. 10 Moreover, TRPV1
activation by evodiamine increased the phosphorylation of eNOS and retarded development of atherosclerosis. 11 However, the role of TRPV1 in endothelial recovery and neointimal formation was unknown. On the basis of the current evidence, we hypothesized that activation of TRPV1 could promote the proliferation of ECs through the eNOS/NO pathway. In this study, we tested the effects of TRPV1 activation with capsaicin on reendothelialization and neointimal formation in a mouse model of wire-injured carotid artery.
METHODS
Cell culture and treatment. Human umbilical vein endothelial cells (HUVECs) were purchased from Shanghai Bioleaf Biotech Co (Shanghai, China) and cultured in high glucose Dulbecco modified Eagle medium (SH30242.01B; HyClone, Logan, Utah) supplemented with 10% fetal bovine serum (1428478; Gibco, Grand Island, NY) and 100 mg/mL EC growth supplement (2297434; Millipore, Bedford, Mass) in a 0.1% gelatincoated culture dish at 37 C, 5% CO 2 , and used until passage five. Capsaicin (1 mmol/L; Sigma-Aldrich, St. Louis, Mo) and capsazepine (3 mmol/L; Sigma-Aldrich) were used to treat the cultured cells for 24 hours 9 ; BAPTA (10 mmol/L, Sigma-Aldrich) was applied to the cells for 30 minutes.
Cell transfection. For short interfering RNA (siRNA) transfection, cells were cultured to 70% of confluence and transfected 24 hours before pharmacologic treatment with 20 nmol/L mitofusin (Mfn) 2 siRNA or scrambled siRNA (GenePharma, Shanghai, China) using X-treme-GENE siRNA Transfection Reagent (Roche, Indianapolis, Ind) according to the manufacturer's instructions.
Cell migration and proliferation assay. Cell migration assay was performed using a scratch wound healing assay; 80% to 90% confluent HUVECs in a six-well plate were growth arrested, scraped using sterilized 200-mL pipette tips, washed with phosphate-buffered saline, and cultured in serum-free medium for 20 hours. Images were captured by a phase-contrast microscope (CKX41; Olympus, Tokyo, Japan) and used to calculate the healing rates. Cell proliferation was measured using a cell counting kit-8 (CCK-8; Beyotime, Jiangsu, China).
Mitochondrial morphology. Cells were cultured and treated in wells of a 96-well plate. After fixation in 2.5% glutaraldehyde for 1 hour, the mitochondrial images were captured by a transmission electron microscope (JEM-1200EX; JEOL, Tokyo, Japan).
Mitochondrial membrane potential. The mitochondrial membrane potential was measured using a JC-1 Mitochondrial Membrane Potential Assay Kit (Beyotime) according to the manufacturer's instructions. The increases in the ratios between fluorescence intensity in the red and assessed by wound healing assay. B, Quantification of healing rates. C, Proliferation of HUVECs treated as described was measured by the cell counting kit-8. Data are expressed as means 6 standard error from five independent experiments. **P < .01. green channels were interpreted as an increase in mitochondrial membrane potential.
Adenosine triphosphate (ATP) assay. The intracellular ATP content was measured using a commercial kit (Promega, Beijing, China).
Western blotting. The total proteins were extracted using a protein extraction kit (Keygen Biotech, Nanjing, China). 12 The protein concentrations were determined with an enhanced BCA Protein Assay Kit (Beyotime); 50 mg of protein was loaded onto sodium dodecyl sulfatepolyacrylamide gels. The separated proteins were then transferred to polyvinylidene difluoride membranes. Membranes were blocked with TBS-T containing 5% skim powdered milk for 1 hour and then incubated with rabbit anti-Mfn1 (1:500, ab57602; Abcam, Cambridge, Mass), rabbit anti-Mfn2 using an electron microscope. B, HUVECs treated as described were stained with JC-1 dye staining: red, aggregates; green, monomers; yellow, merged. C, Quantification of mitochondrial membrane potential expressed as red/green fluorescence intensity. D, Adenosine triphosphate (ATP) content of HUVECs treated as described. Data are expressed as means 6 standard error from five independent experiments. **P < .01.
Wire injury of mouse carotid artery. The protocol of the animal study was approved by the Ethics Committee and the Institutional Animal Care and Use Committee of Chengdu Military General Hospital. The TRPV1 knockout (TRPV1 À/À ) mice were obtained from the Model Animal Research Center of Nanjing University (Nanjing, China). C57BL/6J wild-type (WT) mice were purchased from Dashuo Animal Science and Technology (Chengdu, China). Wire injury of the mouse carotid artery was performed in 12-week-old male mice as described previously. 13 Briefly, mice were anesthetized using intraperitoneal injection of 75 mg/kg pentobarbital. A small midline neck incision on the ventral side was performed, and the left common carotid artery and the bifurcation were exposed and cleaned. The left common carotid artery proximal to the aortic arch and the left internal carotid artery were temporarily clamped. A small incision at the left external carotid artery was performed, then a 0.38-mm guidewire was inserted into the common carotid artery by approximately 5 mm and passed three times backward and forward with rotation to denude the ECs. Transfection mixtures (Mfn2 siRNA or scrambled siRNA, 200 nmol/L) were prepared using Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, Calif). In the corresponding groups, transfection mixtures were injected into the wire-injured region immediately after injury. After incubation for 1 hour, the left external carotid artery was ligated proximally to close the site of incision, and the clamps at the internal and common carotid artery were removed to restore the blood flow. The skin incision was closed. The mice were fed standard chow or diet containing 0.01% capsaicin for 28 days.
Re-endothelialization assay. Re-endothelialization of the carotid artery was determined by Evans blue dye (SigmaAldrich) staining 7 days after wire injury in mice. Mice were anesthetized and 50 mL of 5% Evans was injected into the tail vein, followed by fixation with a perfusion of 10% formalin. After mice were euthanized, the injured segments of the carotid arteries were harvested and examined under a light microscope. The ratio between the area stained in blue and the total carotid artery area was calculated.
Histopathology. On day 28 after wire injury, the mice were sacrificed and pressure perfused with 10% formalin. 14 The carotid artery was carefully excised and embedded in paraffin. The carotid artery sections (5 mm) were collected at 100-mm intervals (four sections per artery) and stained with hematoxylin and eosin. Images were captured, and the intima/media area ratio was calculated.
Statistical analysis. Continuous data are presented as mean 6 standard error. Comparisons between the groups were determined by analysis of variance with post hoc t-tests (SPSS Inc, Chicago, Ill). P < .05 was considered statistically significant.
RESULTS
Activation of TRPV1 increases EC migration and proliferation. First, we investigated the effects of capsaicin on in vitro EC migration with a scratch wound assay and proliferation using the CCK-8. We found that capsaicin at the concentration of 1 mmol/L significantly enhanced HUVEC migration (Fig 1, A and B ; P < .01) and proliferation (Fig 1, C; P < .01). However, pretreatment with the TRPV1 antagonist capsazepine or the intracellular calcium chelator BAPTA almost blocked capsaicin-induced HUVEC migration and proliferation (Fig 1, A-C) , indicating that activation of TRPV1 by capsaicin stimulates EC in a calcium-dependent manner. In contrast, capsaicin did not increase vascular SMC migration and proliferation ( Supplementary Fig 1, online only) .
Activation of TRPV1 promotes mitochondrial energy metabolism. As mitochondria play an important role in cell proliferation and migration, we investigated the effects of capsaicin on mitochondrial morphology, membrane potential, and ATP production. Capsaicin promoted reticular mitochondrial morphology (Fig 2, A) , which is an indicator of active energy metabolism. However, capsaicin failed to induce reticular mitochondrial morphology in the presence of capsazepine or BAPTA (Fig 2, A) . Furthermore, capsaicin increased the mitochondrial membrane potential detected by the JC-1 dye (Fig 2, B and C; P < .01). Similarly, this effect was largely attenuated by capsazepine and BAPTA (Fig 2, B and C; both P < .01). In addition, capsaicin also increased the ATP content, which was abolished by capsazepine and BAPTA (Fig 2, D) . These results suggest that activation of TRPV1 by capsaicin promotes the formation of reticular mitochondria and increases mitochondrial membrane potential and ATP content in a calcium-dependent manner.
Activation of TRPV1 upregulates Mfn2. Mfn1 and Mfn2 are the key regulators of mitochondrial morphology and metabolism. We found that capsaicin significantly increased the mRNA and protein expression of Mfn2, whereas these effects were abolished by either capsazepine or BAPTA (Fig 3) . However, capsaicin did not affect the mRNA and protein expression of Mfn1 ( Supplementary  Fig 2, online only) .
TRPV1-induced EC activation requires Mfn2. Next, we examined whether Mfn2 was required in TRPV1-induced EC activation. As expected, Mfn2-specific siRNA, but not the scrambled siRNA, remarkably decreased the protein expression of Mfn2 (Fig 4, A; P < .01) . The capsaicin-induced HUVEC migration and proliferation were abolished by Mfn2 siRNA but not by scrambled siRNA (Fig 4, B-D) . Moreover, the capsaicin-induced formation of reticular mitochondria and the increase in mitochondrial membrane potential and ATP content were also abolished by Mfn2 siRNA, whereas the scrambled siRNA did not have effects (Fig 5) .
Activation of TRPV1 accelerates re-endothelialization. To test whether activation of TRPV1 accelerates endothelial recovery in vivo, we performed wire injury of carotid artery in TRPV1 À/À mice and WT littermates fed with or without a capsaicin diet. The re-endothelialization was detected by en face Evans blue staining of the carotid artery at 7 days after injury (Supplementary Fig 3, A, online only) . We found that dietary capsaicin significantly accelerated the reendothelialization of denuded carotid artery in WT mice (Fig 6; P < .01) . However, capsaicin did not affect the reendothelialization in TRPV1 À/À mice (Fig 6) . Moreover, capsaicin-induced acceleration of re-endothelialization was abolished by local delivery of Mfn2 siRNA but not by scrambled siRNA (Fig 6) .
Activation of TRPV1 inhibits neointimal formation. The neointimal formation was measured in hematoxylin and eosin-stained sections of carotid arteries on day 28 after injury. The intima/media area ratio was obviously increased in injured carotid artery compared with Caps þ Scra siRNA were visualized using an electron microscope. B, HUVECs treated as described were stained with JC-1 dye staining: red, aggregates; green, monomers; yellow, merged. C, Quantification of mitochondrial membrane potential expressed as red/green fluorescence intensity. D, Adenosine triphosphate (ATP) content of HUVECs treated as described. Data are expressed as means 6 standard error from five independent experiments. **P < .01. contralateral uninjured artery (Supplementary Fig 3, B, online only). Similar to re-endothelialization results, dietary capsaicin significantly inhibited the neointimal formation in WT mice, whereas this effect was abolished by either TRPV1 ablation or Mfn2 siRNA treatment but not by scrambled siRNA (Fig 7) . The collagen deposition in neointima was not affected by capsaicin, and the macrophage was undetectable ( Supplementary Fig 4, online only) .
DISCUSSION
This study shows that activation of TRPV1 with capsaicin increases mitochondrial membrane potential and stimulates EC migration and proliferation in vitro in a calcium-dependent manner and also accelerates reendothelialization and subsequently inhibits neointimal formation in wire-injured mouse carotid artery in vivo. Moreover, these effects of capsaicin can be attenuated by Mfn2-specific siRNA. These findings suggest that activation of TRPV1 exerts beneficial effects on postinjury restenosis.
Previous studies have demonstrated that chronic activation of TRPV1 with dietary capsaicin improves endothelial function, lowers blood pressure, and inhibits atherosclerosis. 9, 10, 15 However, the effects of TRPV1 on endothelial recovery and neointimal formation were not elucidated. The present study revealed the beneficial effects of TRPV1 activation on endothelial recovery, which may also have contributed to its antiatherosclerotic effects that were reported in previous studies. We found that activation of TRPV1 promotes EC proliferation and migration. This finding is in good correspondence with a previous publication demonstrating that TRPV1 mediates EC proliferation and network formation. 16 Moreover, TRPV1 was also involved in angiogenesis and cell migration, 17, 18 suggesting a potential pro-proliferative effect on ECs. Because the mitochondria play an important role in the regulation of endothelial function, 19, 20 we investigated the mitochondrial morphology and function and found that activation of TRPV1 induces mitochondrial features with vigorous metabolism, including reticular morphology, elevated membrane potential, and increased ATP production. All of these features have been linked to cell proliferation. 21, 22 We also found that the capsaicin-induced effects on ECs and mitochondria can be attenuated by TRPV1 antagonist or calcium chelator. These findings suggest that activation of TRPV1 with capsaicin promotes EC proliferation and migration with increased mitochondrial energy metabolism in a calcium-dependent manner.
We further asked whether TRPV1 activation, in addition to promoting EC migration and proliferation, regulates vascular SMC proliferation and migration. As shown in the results, capsaicin did not induce proliferative and migratory responses of SMCs. The effects of capsaicin on SMC proliferation were not consistent in the previous studies.
23 -25 This inconsistency may be due to different concentrations of capsaicin used in vascular SMCs from different species.
Mfn1 and Mfn2 are the key regulators for mitochondrial morphology and metabolism. 26 We found that Mfn1, but not Mfn2, was upregulated by activation of TRPV1. By knockdown of Mfn2 with specific siRNA, we confirmed that all the effects on ECs and mitochondria elicited by TRPV1 activation were mediated at least partially through the upregulation of Mfn2. These findings are in correspondence with previous studies showing that knockdown of Mfn2 led to disrupted mitochondrial networks, diminished mitochondrial membrane potential, and decreased migration and network formation of ECs. [27] [28] [29] [30] We further studied the effects of TRPV1 activation on endothelial recovery in vivo. It is well documented that long-term dietary administration with a small dose of capsaicin causes chronic activation of TRPV1. 9 Interestingly, capsaicin accelerated re-endothelialization in WT mice but not in TRPV1 À/À mice. TRPV1 ablation alone did not affect re-endothelialization. Furthermore, the capsaicincaused acceleration of endothelial recovery is also dependent on the expression of Mfn2, which is in correspondence with our in vitro studies. As expected, activation of TRPV1 with dietary capsaicin attenuated postinjury neointimal hyperplasia in an Mfn2-dependent manner. Because the vascular SMC proliferation was not influenced by capsaicin in vitro, it is reasonable to believe that the inhibitory effect of capsaicin on neointimal formation was probably due to the acceleration of re-endothelialization. These findings suggest that capsaicin may become a candidate for preventing restenosis.
One limitation of this study is that the use of HUVECs may yield biased results as they are not quite different from carotid artery ECs. Similarly, the human aortic SMCs presented in the supplementary data are also different from mouse carotid arterial SMCs. In addition, we cannot completely exclude the possible involvement of vascular SMCs and infiltrated leukocytes.
CONCLUSIONS
Activation of TRPV1 with capsaicin accelerates EC recovery with increased mitochondrial membrane potential and subsequently ameliorates postinjury neointimal hyperplasia through mitochondrial protein Mfn2. 
AUTHOR CONTRIBUTIONS

Conception
